Mature pollen grains of 295 angiosperm species were screened by epifluorescence microscopy for a marker that denotes the mode of cytoplasmic inheritance. We used the DNA fluorochrome DAPI (4', 6-diamidino-2-phenylindole) for pollen cell staining. The presence or absence of fluorescence of cytoplasmic DNA in the generative cell or sperm cells was examined in each species. The species examined represented 254 genera and 98 families, and 40 of these families had not been previously studied in this regard. The cytoplasmic DNA of the generative cell or sperm cells did not fluoresce in 81% of the species examined, from 83% of the genera and 87% of the families examined, indicating the potential for maternal cytoplasmic inheritance in these species. In contrast, the male reproductive cells of 19% of the species, from 17% of the genera and 26% of the families examined, displayed fluorescence of the cytoplasmic DNA, indicating the potential for biparental cytoplasmic inheritance in these species. The results revealed the potential for biparental cytoplasmic inheritance in several species in which the inheritance mode was previously unknown, including plants in the Bignoniaceae, Cornaceae, Cruciferae (Brassicaceae), Cyperaceae, Dipsacaceae, Hydrocharitaceae, Papaveraceae, Portulacaceae, Tiliaceae, Valerianaceae, and Zingiberaceae. Electron microscopy revealed that the sperm cells of Portulaca grandiflora contain both plastid and mitochondrial DNA. However, in the generative cells of Musella lasiocarpa, the mitochondria contain DNA, but the plastids do not. These data provide a foundation for further studies of cytoplasmic inheritance in angiosperms.
Introduction
At the beginning of the twentieth century, maternal and biparental transmissions of leaf color in angiosperms were reported (Correns 1909; Baur 1909) . These non-Mendelian phenomena, termed cytoplasmic inheritance, have been studied in the intervening years (Sears 1980; Hagemann and Schröder 1989; Kuroiwa 1991; Mogensen 1996; ) . However, despite decades of research, the modes of cytoplasmic inheritance in angiosperms have been determined for only about sixty genera (Tilney and Bassett 1978; Smith 1988) , and cytological examination to determine the mode of inheritance has been applied to only about 100 genera of flowering plants (Whatley 1982; Nagata et al. 1999) . Plants whose patterns of cytoplasmic inheritance are known constitute the minority among all of the angiosperms, which number approximately 200,000 species in 10,000 genera and 300-400 families. By contrast, the development of molecular techniques has stimulated the application of plastid genome and mitochondrial genome studies on population genetics, systematics, and organismal evolution. However, many such studies routinely assume maternal cytoplasmic inheritance due to a lack of available information (Mogensen 1996) . Therefore, the overall distribution of cytoplasmic inheritance patterns in angiosperms requires further investigation.
The method traditionally used for the cytological examination of cytoplasmic inheritance is electron microscopy. However, this method is inappropriate for the study of large numbers of species. Miyamura (1987) used DAPI-staining fluorescence microscopy to study sixteen species whose cytoplasmic inheritance patterns were known. The results demonstrated that cytoplasmic DNA is present in the generative cells or sperm cells of plants known to display biparental or paternal inheritance, but it is not present in species known to display maternal inheritance. Since this method allows rapid screening of large numbers of male reproductive cells, it is suitable for the examination of a large range of angiosperm species. Using the same method, Corriveau and Coleman (1988) examined 235 species within 80 families to determine their patterns of cytoplasmic inheritance. They found that biparental plastid inheritance occurs in about 14% of the genera and 19% of the families examined.
In the present study, we determined the potential for cytoplasmic inheritance in 295 additional flowering plants by detecting the presence or absence of cytoplasmic DNA in the generative cells or sperm cells of mature pollen. Our examination extended to 98 families, of which 40 had not been previously studied in this regard. Of the species examined, 81%, representing 83% of the genera and 87% of the families studied, displayed maternal inheritance, and the remaining 19% of the species, in 17% of the genera and 26% of the families examined, showed a potential for biparental inheritance. The results of the present study should contribute to a better understanding of the systematic distribution of cytoplasmic inheritance in angiosperms.
Results

Cytoplasmic DNA in generative cells and sperm cells
When mature pollen grains were squashed in buffer containing DAPI and glutaraldehyde and examined with an epifluorescence microscope, nuclear DNA and cytoplasmic DNA aggregates in the pollen cells were visible. In species with the potential for biparental cytoplasmic inheritance, the fluorescence of cytoplasmic DNA aggregates was clearly associated with the generative cell or sperm cells (Fig. 1a) . In contrast, in species that display maternal inheritance, no fluorescence was detectable (Fig. 1b) . The presence or absence of the fluorescence corresponded to species with the potential for biparental or maternal cytoplasmic inheritance, respectively. This trait was therefore used as a criterion in our screening of species for modes of cytoplasmic inheritance. 
Distribution of maternal and biparental cytoplasmic inheritance
The generative cells or sperm cells of 295 species representing 254 genera in 98 families were examined. The results are summarized in Tables 1 and 2 . Maternal inheritance, the dominant mode of cytoplasmic inheritance in angiosperms, was detected in 238 species from 87 families. Cytoplasmic DNA was not detectable in the male reproductive cells of these species. Within the families containing species identified as displaying maternal inheritance, a single mode of maternal inheritance appeared in 72 families, including the two largest angiosperm families, the Orchidaceae (4 species) and the Compositae (15 species in 14 genera).
Cytoplasmic DNA was detected in the male reproductive cells of 57 species, comprising 43 genera of 25 families, indicating the potential for biparental inheritance in these species. Within the families containing species identified as displaying potential for biparental cytoplasmic inheritance, the potential for both maternal and biparental inheritance appeared in 14 families, including the Aizoaceae, Araceae, Bignoniaceae, Caprifoliaceae, Cornaceae, Cruciferae, Leguminosae, Liliaceae, Musaceae, Oleaceae, Papaveraceae, Portulacaceae, Solanaceae, and Zingiberaceae. Species with a single mode of biparental inheritance appeared in 11 families, including the Actinidiaceae (one species), Cactaceae (one species), Campanulaceae (four species in two genera), Cyperaceae (one species), Dipsacaceae (three species in three genera), Hydrocharitaceae (one species), Linaceae (two species in one genera), Plumbaginaceae (one species), Tiliaceae (two species in two genera), Turneraceae (one species), and Valerianaceae (three species in two genera). An unusual case was Jasminum polyanthum in the Oleaceae, which had dual features. Fluorescence of the cytoplasmic DNA was detected in the sperm cells of about 50% of the pollen grains, implying that the species is intermediate between biparental and maternal inheritance.
Although most genera were determined to have the same mode of cytoplasmic inheritance, interspecies variation appeared in three genera. In Portulaca (Portulacaceae), cytoplasmic DNA was detected in the sperm cells of P. grandiflora but not in P. oleracea, suggesting that the two species have different modes of cytoplasmic inheritance. Similar cases of intrageneric variation were found in Mesembryanthemum (Aizoaceae) and Syringa (Oleaceae).
Identification of plastid and mitochondrial DNA in male reproductive cells
The fluorescent spots of cytoplasmic DNA that appear in the generative or sperm cells can be emitted from either plastid DNA or mitochondrial DNA. In some cases, dimorphic fluorescent spots indicated that the male reproductive cells contained both plastid and mitochondrial DNA. However, in most species identified by us as having potential for biparental inheritance, it was impossible to discriminate between plastid and mitochondrial DNA aggregates with epifluorescence microscopy, since the fluorescent spots derived from this DNA had similar features (see examples in Fig. 2 ). In these cases, the fluorescence derived from plastid and mitochondrial DNA needed to be distinguished in order to determine whether the plastids or mitochondria have the potential for biparental inheritance. Electron microscopy of the sperm cells of Portulaca grandiflora (Portulacaceae) indicated that the cells contained both plastids and mitochondria (Fig. 3c) . In addition, immunogold electron microscopy revealed that anti-DNA gold particles localized to both of the organelles (Fig. 3b) . These results suggest that the fluorescent spots in the sperm cells (as shown in Fig. 3a ) must have been derived from both plastid and mitochondrial DNA, and therefore both the plastids and the mitochondria of P. grandiflora have the potential for biparental inheritance. A similar examination was performed for Musella lasiocarpa (Musaceae). In plants of this species, there was a large ratio of cytoplasm to nucleus in the generative cell, which contained a large number of mitochondria but few plastids (Fig. 4a) . In the case of M. lasiocarpa, however, clusters of gold particles were localized on the mitochondria but not on the plastids (Fig. 4c-f) . These results showed that the fluorescent spots in the generative cell shown in Fig. 4b resulted only from mitochondrial DNA and provided evidence for the biparental inheritance of mitochondria and maternal inheritance of plastids in this species. 
Discussion
The sexual crossing test is a traditional tool that gives an exact result for determining the mode of cytoplasmic inheritance. However, since the cytoplasmic phenotype mutants that are useful for crossing tests are exceedingly scarce, application of the method has been limited to about 60 angiosperm genera in crops and ornamental species (Tilney and Bassett 1978; Whatley 1982; Smith 1988; Reboud and Zeyl 1994) . For the same reason, the use of molecular techniques such as RFLP (restriction fragment length polymorphism) is limited. This is why cytoplasmic inheritance has been less well studied in wild plants than in cultivated species. To investigate a broader range of angiosperms, we used fluorescence microscopy to detect the presence or absence of cytoplasmic DNA in the male reproductive cells and determine the potential mode of cytoplasmic inheritance. The method allows rapid, large-scale screening of plants for the potential for different modes of cytoplasmic inheritance, with reliable results (Miyamura et al. 1987; Corriveau and Coleman 1988) . In this study, cytoplasmic DNA was observed in the male reproductive cells of Actinidia deliciosa, Zantedeschia aethiopica, and Turnera ulmifolia, which were previously reported to display biparental plastid inheritance (Yao et al. 1994 , Tetolin and Cipriana 1997 , Shore and Triassi 1998 . This result may be thought as a positive control for the method. Based on the results of previous studies and this one, we conclude that the fluorescence of cytoplasmic DNA in male reproductive cells can be used as a reliable marker for our purposes.
Using fluorescence microscopy, Corriveau and Coleman (1988) examined 235 species of angiosperms representing 80 families. The results are important for understanding the distribution of different modes of cytoplasmic inheritance in angiosperms. We determined the potential for cytoplasmic inheritance in 295 additional angiosperm species using a strategy similar to that of Corriveau and Coleman (1988) . The examination included 98 families, of which 40 had not been previously studied in this regard. Our results show that 81% of the species studied, in 83% of the genera and 87% of the families examined, display maternal inheritance, and 19% of the species studied, in 17% of the genera and 26% of the families examined, show a potential for biparental inheritance. These rates are similar to those determined by Corriveau and Coleman (1988) , who found that approximately 80% of angiosperm species display maternal cytoplasmic inheritance. Furthermore, we discovered the potential for biparental inheritance in the Bignoniaceae, Cornaceae, Cruciferae (Brassicaceae), Cyperaceae, Dipsacaceae, Hydrocharitaceae, Papaveraceae, Portulacaceae, Tiliaceae, Valerianaceae, and Zingiberaceae. Biparental inheritance has not been reported previously in these families, which are distributed in quite distant orders. Four genera (seven species) in the Caprifoliaceae and all species studied in the Dipsacaceae and Valerianaceae have the potential for biparental inheritance in Dipsacales. Species with the potential for biparental inheritance were found in the Aizoaceae and Portulacaceae in the Aizoales. The distribution of families with biparental inheritance among the distant taxons examined in this study is consistent with the results of previous studies. Our results, therefore, support the suggestion that cytoplasmic inheritance evolved independently many times in response to different selective pressures (Sears 1980; Birky 1995 ).
An analysis of our results showed that the presence or absence of cytoplasmic DNA in male reproductive cells could be used as a trait for systematic studies. For example, cytoplasmic DNA was detected in Corydalis and Dicentra but not in other genera of the Papaveraceae. This result agrees with the suggestion of Lidén that Corydalis and Dicentra should be reclassified from the Papaveraceae to the new family Fumariaceae (Lidén, 1993) . In the Caprifoliaceae, four genera (Abelia, Linnaea, Lonicera and Weigela) showed a potential for biparental cytoplasmic inheritance, and two genera (Sambucus and Viburnun) displayed maternal cytoplasmic inheritance. These results coincide with Wilkinson's opinion that Sambucus and Viburnun (biparental genera) should be grouped into one lineage and others (maternal genera) should be grouped into another lineage (Wilkinson, 1949) . In addition, we detected cytoplasmic DNA in the generative cells of Swida walteri (Cornaceae), also called Cornus walteri. However, no cytoplasmic DNA was detected in the generative cells of Cornus florida (Corriveau and Coleman, 1988) or Cornus officinalis. These results provide evidence for the establishment of Swida walteri as a species.
Cytoplasmic inheritance includes the inheritance of both the plastid and the mitochondrial genomes. Recent studies have indicated that inheritance of these organelle genomes is controlled in different ways (Nanata et al. 1999; Sodmergen et al. 2002) . Therefore, it will be necessary to determine whether the fluorescence in male reproductive cells following DAPI staining is derived from plastid or mitochondrial DNA. We have applied electron and immunoelectron microscopy for this purpose, as described previously (Sodmergen et al. 1997; Zhang et al, 2003) . The results show that both plastids and mitochondria of P. grandiflora have the potential for biparental inheritance, and that mitochondria, but not plastids, of M. lasiocarpa appear to result from biparental inheritance. A similar examination of the male reproductive cells of other species, using fluorescence of cytoplasmic DNA after DAPI staining, is underway.
Since the strategy used in this study was similar to that of Corriveau and Coleman (1988) , our examination did not initially include the genera that were examined in their study. However, during the examination, several conflicts appeared. In the Limonium, Astragalus, Trifolium, Vicia, Campsis, Linum, and Zingiber genera, fluorescence of cytoplasmic DNA appeared in the generative or sperm cells in our study, but was not detected in these cells by Corriveau and Coleman (1988) . In Campsis radicans, treatment of the cells with ethanol and glacial acetic acid as described by Corriveau and Coleman (1988) degraded the fluorescence. Therefore, the discrepancies may be due to differences in the methods used or intrageneric variation. For these genera, further confirmation of the mode of inheritance is required.
Materials and Methods
Mature pollen grains were collected from plants at sites in Beijing and Yunnan. The majority of the experimental materials were obtained from plants collected in three botanical gardens: Beijing Botanical Garden, Institute of Botany, Chinese Academy of Sciences; Kunming Botanical Garden, Kunming, Yunnan; and Xishuangbanna Botanical Garden, Menglun, Yunnan. Pollen were sampled and examined from April to August.
Epifluorescence microscopy of cytoplasmic DNA was performed according to the method of Kuroiwa and Suzuki (1980) . In brief, pollen grains were collected on a glass slide and immersed in a drop of 3% glutaraldehyde and 1 µg/ml DAPI in Tan buffer (Nemoto et al., 1988) . The pollen grains were covered with a cover slip, then squashed by pressing the cover slip against the slide. The samples were examined after 10 min with an Olympus BH-2 epifluorescence microscope.
Electron microscopy of pollen cells was performed using routine methods. For DNA immunogold electron microscopy, pollen grains were fixed with 3% glutaraldehyde in cacodylate buffer (pH 7.4) and embedded in LR White resin. The sections were labeled using the method of Johnson and Rosenbaum (1990) . A mouse monoclonal antibody that recognizes single-and double-stranded DNA (Boehringer Mannheim, Germany) and a goat anti-mouse IgM antibody conjugated to 10-nm colloidal gold (British BioCell International, UK) were used for the detection. Sections were examined with a JOEL JEM-1010 electron microscope.
We routinely performed a DNase test to confirm the free localization of the immunogold on the sample sections pretreated with DNase (data not shown).
